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Antiprismatic geometryMononuclear zinc carboxylates [Zn(L)(2,20-bpy)2](ClO4)(nH2O) (1–4) (LH = 3-aminobenzoic acid (3-abaH)
(1), salicylic acid (saH2) (2), 3,5-diisopropylsalicylic acid (dipsaH2) (3), and 3-methyl-2-thiophenecarb-
oxylic acid (3-Me-2-TCAH) (4)) and cadmium carboxylates [Cd(tipba)(2,20-bpy)2](tipbaH) (5)
(tipaH = 2,4,6-triisopropylbenzoic acid), [Cd(2,20-bpy)2(2-TCA)(ClO4)] (6) (2-TCAH = thiophene-2-carbox-
ylic acid) and [{Cd(2,20-bpy)2(3-Me-2-TCA)}{Cd(2,20-bpy)2(3-Me-2-TCA)(H2O)}](ClO4)2 (7) have been
synthesized from the reaction of the metal precursor complex [M(OAc)(2,20-bpy)2](ClO4)(H2O) (M = Zn
and Cd) with the respective aromatic carboxylic acid in methanol at ambient conditions. Complexes 1–
7 have been characterized with the aid of elemental analysis and FT-IR, UV–Vis, ﬂuorescence, 1H NMR
spectroscopic methods and further analyzed by single-crystal X-ray diffraction studies. The carboxylate
groups show chelating and monodentate coordination behavior in these complexes. While the cadmium
ion in 6 is heptacoordinated, the structure of 5 reveals a coordination number of eight with square antipr-
ismatic geometry. Hydrogen bonding patterns in 1–4 and 7 result in a 1-D polymeric structure while 5 is
a 2-D layer structure and 6 is a 3-D polymeric structure.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Inorganic–organic hybrid compounds with extended structures
are of current interest owing to their intriguing structural motifs
and interesting electro-conductive, optical and magnetic proper-
ties [1–6]. Among these, metal carboxylates have been extensively
studied because the carboxylate group can bind to metal ions in
various modes, such as monodentate, bidentate and bridging [7–
16]. Particularly, zinc carboxylate with nitrogen donor ligands are
interest in biological point of view where zinc-containing active
sites of enzymes [17–19]. Among these active sites, the carboxylato
groups have been found to exhibit the unidentate, bidentate che-
late and bridging modes [20–22]. Zinc acetylsalicylate [Zn(acsa)2
(H2O)2] is used as a anti-inﬂammatory agent [23]. The zinc complex
of 3-aminobenzoic acid (3-abaH) is an important substance which
shows biological activity and was found to inhibit the carcinogenic
effect of N-2-ﬂuorenyl acetamide which is believed to be responsi-ble for liver tumor in animals [24]. The coordination chemistry of
zinc(II) carboxylates has been widely studied and the unusual var-
iability and coordination ﬂexibility of zinc(II) is well established
[25–29]. The coordination chemistry of cadmium is important in
both biological and non-biological areas. The cadmium ion adapts
a wide variety of stereochemical environments with a d10 elec-
tronic conﬁguration [30–31]. Among numerous examples, cad-
mium(II) complexes with coordination numbers four, ﬁve and six
are well known, but seven and eight coordinated cadmium(II)
has been obtained in a few cases [32–36].
From the coordination chemistry point of view, salicylic acid
(saH2), 3-aminobenzoic acid (3-abaH) and thiophene carboxylic
acid (TCAH) are versatile ligands. Salicylate and aminobenzoate an-
ions offer hard and strongly basic donor centers in a ligand geome-
try that facilitates chelation. The use of a sterically demanding
aromatic carboxylic acid, 2,4,6-triisopropyl benzoic acid in these
reactions allows the evaluation steric effects in metal carboxylic
acid chemistry. Hydroxyl and amino groups can entertain intra-
and/or intermolecular hydrogen bonding to assist formation of
aggregated assemblies [37–40]. An interesting characteristic of
the TCAH is the presence of three possible coordination sites (two
carboxylic oxygen atoms and one heterocyclic sulfur) [41–45].
The introduction of ancillary ligand like 2,20-bipyridine (2,20-
bpy) has been widely used to impede the aggregation of metal
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well as its ability to provide potential supramolecular contact
(pp stacking interactions) [46]. Owing to these reasons, we have
investigated the formation of zinc and cadmium complexes of ami-
nobenzoic, salicylic, and thiophene carboxylic acids in the presence
of 2,20-bipyridine auxiliary ligands. The results obtained are re-
ported in this contribution.
2. Result and discussion
2.1. Synthesis
Metal precursors with a non-coordinating anion, [M(OAc)(2,20-
bpy)2](ClO4)(H2O) (M = Zn, Cd) [25,47], were used as starting mate-
rial along with corresponding carboxylic acids to synthesize all the
new zinc and cadmium complexes 1–7 (Scheme 1). The synthesis
of new carboxylates have been achieved using a similar synthetic
procedure by reacting one equivalent of metal precursor and one
equivalent of the corresponding carboxylic acid in a methanol
solution (Scheme 1). The products have been obtained in moderate
to good yields (50%) in analytically pure form in each case and
characterized by means of FT-IR, UV–Vis absorption, emission
and 1H NMR spectroscopic studies. All the compounds were found
to be air-stable and also soluble in common organic solvents.
2.2. Spectral characterization
The FT-IR spectrum for compound 1 shows characteristic N–H
stretching vibration at around 3370 cm1. Compounds 2, 3 and 5Schemeshow absorption at around 3400 cm1 corresponding to the pres-
ence of hydroxyl group. The infrared spectral peaks at around
3080 cm1 are due to the aromatic C–H vibrations. Additionally,
the strong aliphatic C–H vibrations occur at around 2960 cm1
for the isopropyl groups in 3 and 5 and methyl group in 4 and 7.
The mas(COO) band is observed at around 1605 cm1, while the
ms(COO) vibration is observed at 1315 cm1 for 1. The compounds
2–7 show similar types of vibration frequencies. Strong IR band ob-
served at 1092 cm1 indicates the presence of ClO4- anion in all
compounds excepting 5. The UV absorption spectra of all the
new complexes are similar; the observed single absorption be-
tween 300 and 320 nm could be ascribed to the p–p⁄ transitions
of the 2,20-bipyridine ligand and/or the aryl rings of the carboxylate
ligands.
The emission properties of complexes 1–7 have been studied in
dimethyl sulfoxide solution. A single emission was observed in the
range of 380–480 nm for 5 in methanol solution at the excitation of
311 nm. It is unlikely that this is an intraligand ﬂuorescent emis-
sion but could be attributed to the charge transfer between the
metal and ligand (MLCT), since free 2,20-bpy ligand does not show
any luminescence in the range of 400–500 nm. The enhancement
and signiﬁcant blue-shift of the luminescence of 2,20-bpy ligand
may be attributed to its chelation to the metal ion, which effec-
tively increases the rigidity of the 2,20-bpy ligand [48–49].
The 1H NMR spectra of 2 and 5 show a doublet of doublet at
1.1 ppm (3JH–H = 2.2 and 5.5 Hz) which correspond to the protons
of isopropyl methyl groups. As expected, the methine proton of iso-
propyl group shows a septet and conﬁrms the presence of isopro-
pyl groups. A singlet at 2.3 and 2.4 ppm, respectively, correspond1.
Fig. 1. Molecular structure of [Zn(3-aba)(2,20-bpy)2](ClO4)(H2O) (1).
Table 1
Comparison of structural features of Zn–bipyridine complexes with –O and –N coordination.
Compound Geometry around Zn ZnO
(ÅA
0
)
ZnN (ÅA
0
)
(av)
<OZnO>
()
<OCO>
()
Nature of COO Ref.
[Zn(3-aba)(2,20-bpy)2](ClO4)(H2O) (1) Distorted Oh 2.201(9)
2.177(9)
2.116(5) 60.79(3) 121.0(1) Bidentate This work
[Zn(saH)(2,20-bpy)2](ClO4)(0.5H2O) (2) Distorted Oh 2.280(4)
2.151(3)
2.160(3)
2.247(4)
2.116(1) 59.92(1)
59.59(1)
119.41(4)
119.90(4)
Bidentate This work
[Zn(dipsaH)(2,20-bpy)2](ClO4) (3) Distorted Oh 2.246(3) 2.105(5) 58.59(2) 118.1(7) Bidentate This work
[Zn(3-Me-2-TCA)(2,20-bpy)2](ClO4)(H2O) (4) Distorted Oh 2.245(3)
2.121(3)
2.115(4)
2.293(3)
2.125(4) 60.70(1)
60.0(1)
121.12(2)
120.66(1)
Bidentate This work
[Zn(2,20-bpy)(saH)2(MeOH)] Distorted Oh 2.022(6)
2.146(6)
2.095(2) 59.2(3)
164.2(3)
120.7(9) Bidentate and
monodendate
[52]
[Zn(2,20-bpy)(aba)Cl]2 Distorted square
pyramid
2.12(3)
2.01(7)
2.134(3) 90.78(8) 124.08(4) Bidendate bridging [50]
[Zn(OAc)(2,20bpy)2](ClO4)(H2O) Distorted Oh 2.155(4)
2.246(4)
2.121(5)
2.129(4)
2.131(4)
2.127(4)
86.3(2) 119.6(6) Bidentate [53]
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assignable for the N–H protons in 1. A broad peak at 13.5 or
14.2 ppm are due to the hydroxyl proton in 2 and 3, respectively.
The 1H NMR spectrum of 2 in dmso-d6 shows a singlet at
8.7 ppm due to the presence of 6H, 60H and 3H, 30H of 2,20-bpy. A
singlet at 8.3 ppm is due to the presence of 4H, 40H of 2,20-bpy. A
multiplet at 7.6–7.8 ppm is due to the resonance of 5H, 50H of
2,20-bpy. Two multiplets at 7.2 and 6.9 ppm are due to the reso-
nance of ortho, para and meta protons of phenyl groups. The 1H
NMR spectra of all the compounds show similar pattern in the aro-
matic region.
2.3. Molecular structures of [Zn(2,20-bpy)2(L)](ClO4)(xH2O) (L = 3-aba
(1), saH, (2), dipsaH (3) and 3-Me-2-TCA (4)
The molecular structure of [Zn(2,20-bpy)2(3-aba)](ClO4)(H2O)
(1) determined by single crystal X-ray diffraction analysis is shown
in Figs. 1 and 2. It crystallizes in the monoclinic space group Cc. The
zinc(II) ion is coordinated by two chelating 2,20-bpy ligands and
further coordinated by a chelating carboxylate ligand in a distorted
octahedral N4O2 environment. The ZnN bond distances are in the
range of 2.093(1) and 2.17(1) Å, comparable to those observed in
[Zn(3-aba)(2,20-bpy)2Cl]2 (2.101(3) and 2.173(3) Å) [50]. The ZnO
bond distances 2.201(9) and 2.177(9) Å are longer than thosefound for [Zn(3-aba)(2,20-bpy)2Cl]2 (2.009(2) and 2.121(2) Å). The
other bond distances and lengths are comparable with [Zn(3-
aba)(2,20-bpy)2Cl]2. The binding mode of the carboxylato ligand is
very similar to that of the c-carboxylato group of glutamate-270
in the active site of carboxypeptidase A, in which the zinc(II) atom
adopts N2O3 pentacoordinate geometry with the c-carboxylato
group acting in the unsymmetrical chelate mode (ZnO = 2.19
and 2.30 Å) [51].
Compound 2 crystallizes in the triclinic P1 space group with
two crystallographically unique zinc ions in the asymmetric part
of the unit cell whose coordination geometries are almost similar,
although some variations in bond lengths and angles were ob-
served. The crystal structure of complex consists of a discrete
[Zn(2,20-bpy)2(saH)]+ cation and a perchlorate anion. As illustrated
in Figs. S1 and S2, the zinc(II) ion is coordinated by two chelating
2,20-bpy ligands and further by an unsymmetricaly coordinated
with carboxylato ligand in a distorted octahedral N4O2 environ-
ment. The ZnO bond distances are in the range of 2.151(3) and
2.280(4) Å, which are comparable to the related compounds
[Zn(2,20-bpy)2(MeCO2)](ClO4)(H2O) (2.179(4) and 2.189(5) Å) and
[Zn(2,20-bpy)2(saH)(MeOH)] [2.102(6), 2.305(7) and 2.126(4) Å]
[52]. Similarly, the Zn-N bond distance [2.098(4) to 2.133(4) Å]
are in agreement with those found in a number of Zn-2,20-bpy
complexes [51,53].
Fig. 2. Hydrogen bonding pattern in [Zn(3-aba)(2,20-bpy)2](ClO4)(H2O) (1) (hydrogen atoms are omitted for clarity).
Table 2
Hydrogen bonding in 1–7.
Compound DH  A DH (Å) H  A (Å) D  A (Å) DH  A ()
1 N(5)–H(5B)  O(14)a 0.972(1) 2.529(1) 3.380(1) 146.19(2)
C(7)–H(7)  O(2)b 0.930(1) 2.400(1) 3.239(1) 150.03(2)
C(14)–H(14)  O(1)c 0.930(1) 2.473(1) 3.299(1) 148.03(2)
C(25)–H(25)  O(12)a 0.930(2) 2.491(2) 3.415(5) 172.82(3)
2 O(3)–H(3W)  O(1)a 0.862(9) 1.887(4) 2.577(5) 135.96(6)
O(6)–H(6A)  O(5)a 0.865(4) 1.807(4) 2.553(6) 143.26(7)
C(1)–H(1)  O(1)b 0.95(5) 2.808(4) 3.349(7) 117.17(2)
C(12)–H(12)  O(8)a 0.950(5) 2.429(5) 3.161(8) 133.66(2)
C(27)–H(27)  O(2)d 0.950(5) 2.531(3) 2.834(6) 98.64(1)
C(31)–H(31)  O(13)a 0.950(5) 2.461(5) 3.335(7) 152.99(3)
C(40)–H(40)  O(4)c 0.950(4) 2.557(3) 3.092(6) 115.87(2)
C(57)–H(57)  O(4)c 0.950(5) 2.536(7) 2.833(7) 98.24(1)
3 O(2)–H(2W)  O(1)a 1.124(7) 1.641(3) 2.645(8) 145.48(7)
C(4)–H(4)  O(3)a 0.950(4) 2.348(4) 3.266(6) 162.34(3)
C(7)–H(7)  O(3)a 0.950(6) 2.411(6) 3.340(8) 165.53(2)
4 C(4)–H(4)  O(4)b 0.950(7) 2.330(4) 3.129(8) 141.35(8)
C(7)–H(7)  O(4)b 0.950(6) 2.495(3) 3.374(7) 153.84(5)
C(17)–H(17)  O(5)c 0.950(7) 2.417(7) 3.254(1) 146.79(2)
C(24)–H(24)  O(1)b 0.950(7) 2.408(4) 3.263(8) 149.68(9)
C(28)–H(28)  O(12)d 0.950(7) 2.339(15) 3.224(7) 154.71(8)
C(34)–H(34)  O(9)f 0.950(5) 2.655(7) 3.449(9) 141.04(7)
C(32)–H(32)  O(6)e 0.950(5) 2.521(7) 3.319(5) 141.71(3)
C(45)–H(45)  O(8)a 0.950(5) 2.390(4) 3.323(6) 167.32(9)
5 O(5)–H(5)  O(2)a 0.923(9) 1.637(9) 2.559(4) 176.0(4)
6 C(8)–H(8)  O(4)d 0.937(7) 2.432(8) 3.358(8) 169.9(3)
C(10)–H(10)  O(5)c 1.03(6) 2.511(9) 3.407(6) 144.8(3)
C(12)–H(12)  O(6)c 0.944(2) 2.662(1) 3.494(7) 147.3(1)
C(13)–H(13)  O(6)e 0.973(3) 2.598(3) 3.536(7) 161.8(2)
C(23)–H(23)  O(2)b 0.93(4) 2.733(3) 3.625(5) 160.8(4)
C(8)–H(8)  O(4)d 0.937(7) 2.432(8) 3.358(8) 169.9(3)
C(25)–H(25)  O(4)a 0.897(4) 2.566(4) 3.314(7) 141.2(9)
7 C(4)–H(4)  O(1)c 0.930(6) 2.427(4) 3.32(8) 163.2(9)
C(14)–H(14)  O(5)a 0.930(9) 2.555(6) 3.48(1) 170.6(3)
C(47)–H(47)  O(3)b 0.930(8) 2.555(5) 3.47(9) 166.6(3)
Equivalent positions for 1: (a) x, y, z (b) x, 2  y, 1/2 + z; for 2: (a) x, y, z (a) (b) x, 1 + y, +z (c) x, 1  y, z (d) 1  x, 1  y, 1  z; for 3: (a) x, y, z for 4: (a) x, y, z (b) 2x, 1  y,
1  z (c) x, y, 1  z (d) 1  x,y, 1  z (e) 1 + x, y, z (f) 1  x, 1  y, 1  z; for 5: (a) x, y, z (b) x, 1 + y, +z, (c) 1  x, 1 + y, +z, (d) 2x, 1  y,z (e) 2x, 1/2 + y, 1/2z; for 6: (a) x, y, z
(b) x, y, z (c) x + 1, +y, z + 1; for 7: (a) 1 + 1/2x, 1/2 + y, 1 + 1/2z.
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Fig. 3. Molecular structure of [Cd(tipba)2(2,20-bpy)2](tipbaH) (5).
526 N. Palanisami et al. / Inorganica Chimica Acta 405 (2013) 522–531The molecular structure of [Zn(2,20-bpy)2(dipsaH)](ClO4) (3) is
similar to [Zn(2,20-bpy)2(saH)](ClO4)(H2O) (2). It crystallizes in
the monoclinic space group C2/c. As illustrated in Fig. S3, the zin-
c(II) ion is coordinated by two chelating 2,20-bpy ligands (Zn(1)N
are 2.104(4) and 2.106(6) Å) and a chelating carboxylate ligand in a
distorted octahedral N4O2 environment. The ZnO(l) bond dis-
tance 2.246(3) Å is comparable to those observed for [Zn(2,20-
bpy)2(saH)](ClO4)(0.5H2O) (2) [2.151(3) to 2.278(3) Å], and similar
compounds [Zn(2,20-bpy)2(MeCO2)](ClO4)(H2O) [2.179(4) andTable 3
Comparison of structural features of Cd–bipyridine complexes with –O and –N coordina
ophene carboxylic acid, CAH2 = 3,6-dichloro-2,5-dihydroxy-1,4-benzoquinone).
Compound Geometry
around Cd
CdN (ÅA
0
) CdO (ÅA
0
) <N
[Cd(tipba)2(2,20-bpy)2](tipbaH) (5) Distorted square
antiprismatic
2.377(3),
2.567(3)
2.394(3),
2.443(3)
2.327(2)
2.655(4)
2.248(9)
2.656(3)
7
67
92
[Cd(2-TCA)(2,20-bpy)2(ClO4)] (6) Hepta
coordination
2.346(3),
2.353(3)
2.390(3),
2.342(3)
2.279(3)
2.655(3)
2.745(3)
10
70
10
[Cd(3-Me-2-TCA)(2,20-bpy)2Cd(3-
Me-2-TCA)(2,20-
bpy)2(H2O)](ClO4)2 (7)
Distorted oh 2.338(5),
2.311(5)
2.318(5),
2.301(7)
2.356(5),
2.363(7)
2.359(5),
2.340(5)
2.338(5)
2.406(5)
2.278(7)
2.413(6)
10
98
10
[Cd2(2,20-bpy)2(CH3COO)4(H2O)2] Distorted oh 2.325(3)
2.352(3)
2.325(3)
2.352(3)
7
[Cd(CF3COO)2(Phen)2] Distorted
pentagonal
bipyramidal
2.374(2),
2.343(2)
2.442(2),
2.378(2)
2.406(2)
2.280(1)
4.021(2)
7
69
14
[Cd(CA)(phen)2] Distorted square
antiprismatic
2.480(4),
2.470(4)
2.469(4),
2.474(4)
1.415(3),
2.442(3)
2.350(3)
2.386(3)
2.22.189(5) Å] and [Zn(2,20-bpy)2(saH)2(MeOH)] [2.102(6), 2.305(7)
and 2.126(4) Å] [52]. Unlike compound 2, the carboxylate group
is symmetrically chelating the central ion. The hydroxyl group of
the dipsaH ligand shows a positional disorder with two positions
for the hydroxyl group with equal occupancy. Only one of the
two occupancies of the -OH group is depicted in Figs. S3 and S4.
Compound 4 crystallizes in the triclinic space group P1 with
two crystallographically unique zinc ions in the asymmetric part
whose coordination geometries are almost similar, although sometion (tipbaH = 2,4,6-triisopropyl benzoic acid, 2,20-bpy = 2,20-bipyridine, TCAH = Thi-
CdN> () <OCdO> () <OCO>
()
Nature of COO Ref.
9.4(1), 67.0(1)
.5(1), 81.1(1)
.6(1), 145.3(1)
95.3(8), 51.9(8)
77.72(8), 129.7(8)
80.64(8), 53.02(8)
123.2(4)
123.8(4)
Bidentate This
work
1.8(1), 157.6(1)
.5(1), 152.4(1)
6.6(1)
52.6(1) 123.8(4) Bidentate This
work
2.9(2), 71.3(2)
.5(2), 172.0(2)
3.5(2), 71.4(2)
55.4(2) 122.3(7)
124.7(7)
Monodentate and
bidentate
This
work
0.3(1) 88.0(1), 73.5(1)
90.8(1), 90.4(1)
102.9(1), 163.1(1)
123.3(5)
125.8(7)
Monodentate and
monodentate
bridging
[47]
1.3(1), 85.4(1)
.8(1), 108.0(1)
6.0(6), 91.1(4)
77.7(1) 128.7(1)
130.6(9)
Bidentate and
monodentate
[66]
2.248(5)
43(3)
146.6(2), 142.7(1)
146.7(1), 67.5(1)
68.6(1), 87.7(1)
— — [59]
Fig. 4. Molecular structure of [Cd(2-TCA)(2,20-bpy)2 (ClO4)] (6).
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in Fig. S5, the zinc(II) ion is coordinated by two chelating 2,20-bpy
ligands [ZnN: 2.097(3) to 2.148(5) Å], a chelating carboxylate li-
gand [ZnO: 2.245(3) to 2.296(3) Å] in a distorted octahedralTable 4
Crystal data for 1–7.
1 2 3 4
Empirical
formula
C27H24ClN5O7Zn C54H44Cl2N8O15Zn2 C33H33ClN4O7Zn C52H
Formula
weight
631.33 1246.61 698.45 1272
T (K) 293(2) 133(2) 133(2) 133(
Diffractometer Bruker CCD Bruker CCD Bruker CCD Bruk
k (Å) 0.71073 0.71073 0.71073 0.71
Crystal system monoclinic triclinic monoclinic tricl
Space group Cc P1 C2/c P1
a (Å) 11.793(2) 11.107(2) 18.112(4) 12.1
b (Å) 16.304(3) 14.645(3) 16.355(3) 13.9
c (Å) 14.803(3) 17.950(4) 12.705(3) 17.1
a () 90 109.34(3) 90 67.7
b () 102.44(3) 93.06(3) 122.74(3) 82.6
c () 90 102.35(3) 90 83.4
V (Å3) 2779.3(10) 2666.8(9) 3165.6(16) 2675
Z 4 2 4 2
Dcalc (mg/m3) 1.509 1.552 1.466 1.58
Absorbent
coefﬁcient
(mm1)
1.035 1.078 0.915 1.15
F(000) 1296 1276 1448 1304
Cryst size
(mm)
0.30  0.15  0.10 0.20  0.20  0.20 0.30  0.30  0.20 0.40
h range () 2.17–24.81 1.52–24.85 1.83–24.51 1.58
Data/
restraints/
parameters
4501/23/359 9153/0/730 2624/0/218 9199
Goodness-of-
ﬁt on F2
1.114 0.900 1.052 0.89
R1 [I > 2r(I)] 0.0650 0.0495 0.0613 0.05
R2 [I > 2r(I)] 0.1770 0.1100 0.1461 0.10N4O2 environment. The selected bond length and angles of 1–4
and a comparison of key structural parameters with those of re-
lated compounds is given in Table 1.
2.4. Hydrogen bonding in 1–4
Inter and intramolecular hydrogen bonding interactions (Ta-
ble 2) stabilizes 1 in the solid-state and leads to 1-D polymeric
net work (Fig. 2). The hydrogen bonding along with pp aromatic
stacking interactions play an important role in stabilizing 2 in the
solid-state in the form of a chain as shown in Fig. S4[54–55]. Sim-
ilarly the inter and intramolecular hydrogen bonding interactions
stabilizes 3 in the solid-state. The resultant supramolecular motif
in this case is a one-dimensional linear polymer of 3 is shown in
Fig. S5 and the hydrogen bondings and p-p aromatic stacking
interactions play an important role in stabilizing 4 in the solid-
state leads in the formation of a layered structure (Fig. S6).
2.5. Molecular structure of [Cd(tipba)2(2,20-bpy)2](tipbaH) (5)
Compound 5 crystallizes in the monoclinic P21/n space group.
The asymmetric unit of the unit cell consists of one cadmium
ion, two bipyridine ligands, two chelating tipba ligands and one
non coordinated tipbaH ligand. The coordination sphere of the me-
tal contains four nitrogen atoms belonging to two chelating 2,20-
bpy ligands, and four oxygen atoms belonging to tipba ligands as
shown in Fig. 3. There are several examples known for eight-coor-
dinate cadmium complexes in the literature [56–58]. They can be
divided into two different groups based on the presence of multid-
entate ligands either bidentate chelating ligands with small bite
angles [59–65]. The geometry of Cd(II) ion is distorted pseudo
square antiprismatic due to one of the carboxyl oxygen atom is
weakly coordinated with metal ion (Cd(1)O(2): 2.655(2) Å). The5 6 7
46Cl2N8O14S2Zn2 C68H86CdN4O6 C25H19CdClN4O6S C52H44Cd2Cl2N8O13S2
.73 1167.81 651.35 1348.77
2) 133(2) 293(2) 293(2)
er CCD Bruker CCD Nonius MACH-3 Nonius MACH-3
073 0.71073 0.71073 0.71073
inic monoclinic monoclinic monoclinic
P21/n P2/c C2/c
82(2) 10.544(2) 12.7150(6) 33.643(5)
49(3) 19.316(4) 6.5210(8) 18.3128(17)
96(3) 31.431(6) 30.276(4) 19.702(3)
4(3) 90 90 90
3(3) 95.32(3) 94.572(6) 115.899(10)
0(3) 90 90 90
.1(9) 6374(2) 2502.3(4) 10,919(2)
4 4 8
0 1.217 1.729 1.641
0 0.395 1.113 1.025
2472 1304 5424
 0.10  0.10 0.20  0.20  0.10 0.40  0.25  0.20 0.40  0.30  0.25
–24.85 1.78 1.35–24.99 1.35–24.97
/0/723 10,881/0/712 4388/0/343 9568/0/712
0 0.826 1.051 1.018
09 0.0439 0.0348 0.0516
93 0.0630 0.0892 0.1188
Fig. 5. Hydrogen bonding pattern in [Cd(2-TCA)(2,20-bpy)2 (ClO4)] (6) (all the hydrogen atoms are omitted for the sake of clarity).
Fig. 6. Molecular structure of [{Cd(3-Me-2-TCA)(2,20-bpy)2}{Cd(3-Me-2-TCA)(2,20-
bpy)2 (H2O)}](ClO4)2 (7).
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key structural parameters with those of related compounds are gi-
ven in Table 3. As far as the C–O distances are concerned, both of
the tipba ligands chelate to cadmium ion symmetrically. The C–O
distances from 1.242(4) to 1.278(4) Å. This is somewhat shorter
than the uncoordinated C–O group which is 1.317(5) Å. Interest-
ingly, one of the uncoordinated C–O (1.201(4)) distance is very
short compared to other C–O bonds presumably due to involve-
ment of this oxygen intermolecular hydrogen bonding
[H(5)  O(2) 1.637(9) Å and [O(5H(5)  O(2) 176.0(4)].2.6. Molecular structure of [Cd(2,20-bpy)2(2-TCA)(ClO4)] (6)
Compound 6 crystallizes in the monoclinic P2/c space group.
The cadmium(II) ion is surrounded by two 2,20-bpy ligands, one
chelating carboxylate (TCA), and a coordinated perchlorate anion
as shown in Fig. 4. The Cd(1)–O(2) bond distance of 2.655(3) Å is
much longer than Cd(1)–O(1) distance 2.279(3) Å. The longCd(1)–O(2) can be considered as a weak interaction and the geom-
etry around cadmium ion is pseudo seven coordinated which is not
often encountered in cadmium(II) carboxylates (some similar
structures are known, where the metal atom is coordinated
through the oxygen atom of the carboxylates, thus giving poly-
meric structures) [66]. The Cd–N (2.342(3)–2.390(4) Å) distances
are comparable to those found in seven coordinated cadmium(II)
complex [Cd(CF3COO)2(phen)2] (Cd–N: 2.342(2)–2.378(2) Å) [67].
The most notable feature of the structure of 6 is the coordina-
tion mode of the perchlorate anion. Unlike, the other Cd(II) carbox-
ylates in literature the perchlorate anion is directly coordinated to
the metal center. Though other oxygen atoms of perchlorate anion
are free, but they do not bind with other cadmium(II) ions to give a
polymeric structure. This is probably due to the steric hindrance of
the cadmium(II) coordination site. Comparison of key structural
parameters with those of related compounds are given in Table 4.
The molecule is further stabilized by inter and intra molecular
hydrogen bondings (Table 2) which leads to a 3-D polymeric net-
work is shown in Fig. 5.
2.7. Molecular structure of [{Cd(3-Me-2-TCA)(2,20-bpy)2}{Cd(3-Me-2-
TCA)(2,20-bpy)2(H2O)}](ClO4)2 (7)
Compound 7 crystallizes in the monoclinic C2/c space group.
The unit cell has two chemically and crystallographically different
molecules [Cd(1) and Cd(2)]. The molecular structure for both mol-
ecules reveal a monomeric structure. The Cd(II) ion both the mol-
ecules exhibit a distorted octahedral geometry although the
coordination mode of carboxylate group is different from each
other. In Cd(1) carboxylic group is bidendate chelate mode (Cd–
O: 2.338(5)–2.406(4) Å) while Cd(2) is monodenate mode (Cd–O:
2.277(5) Å) as shown in Fig. 6. The Cd–O and Cd–N distances are
comparable with 6 and other related compounds (Table 3). The
overall structure is stabilized by intermolecular hydrogen bonding
interactions (Table 2) as well as p–p aromatic stacking interactions
leading to a 1-D polymeric structure as shown in Fig. S8.3. Conclusion
Mononuclear zinc carboxylates [Zn(L)(2,20-bpy)2](ClO4)(nH2O)
(1–4) (LH = 3-aminobenzoic acid (3-abaH) (1), salicylic acid
N. Palanisami et al. / Inorganica Chimica Acta 405 (2013) 522–531 529(saH2) (2), 3,5-diisopropylsalicylic acid (dipsaH2) (3), and 3-
methyl-2-thiophenecarboxylic acid (3-Me-2-TCAH) (4)) and cad-
mium carboxylates [Cd(tipba)(2,20-bpy)2](tipbaH) (5) (tipbaH =
2,4,6-triisopropylbenzoic acid), [Cd(2,20-bpy)2(2-TCA)(ClO4)] (6)
(2-TCAH = Thiophene-2-carboxylic acid) and [{Cd(2,20-bpy)2
(3-Me-2-TCA)}{Cd(2,20-bpy)2(3-Me-2-TCA)(H2O)}](ClO4)2 (7) have
been synthesized and characterized with the aid of elemental
analysis and infrared, ultraviolet, ﬂuorescence and 1H NMR
spectroscopic studies. Further, the solid-state structures of all com-
pounds have been established by single-crystal X-ray diffraction
studies. The carboxylate groups show chelating and monodentate
coordination behavior in these complexes. While the cadmium
ion in 5 is heptacoordinated and the structure of 5 reveals a
coordination number of eight with square pseudo antiprismatic
geometry. Hydrogen bonding pattern in 1–4 and 7 results in a
1-D polymeric structure while 5 is a 2-D layered structure and 6
is a 3-D polymeric structure. The utility of amino and hydroxyl
group in 1–3 could prove a useful starting material for the
preparation of hybrid metallic complexes.
4. Experimental
4.1. Instruments and methods
All the starting materials and the products were found to be sta-
ble towards moisture and air and hence no speciﬁc precaution was
taken to rigorously exclude air. Elemental analyses were per-
formed on a Carlo Erba (Italy) Model 1106 Elemental Analyzer at
IIT-Bombay. Infrared spectra were recorded on a Perkin Elmer
spectrometer as KBr diluted discs. UV–Vis spectra were obtained
on Shimdzu UV-260 spectrophotometers. Magnetic susceptibility
was checked on a PAR vibrating sample magnetometer. Commer-
cial grade solvents were puriﬁed by employing conventional pro-
cedures and were distilled prior to their use [68]. Commercially
available starting materials such as Zn(OAc)22H2O, (s.d.ﬁne),
NaClO4H2O (Lancaster), salicylic acid (s.d.ﬁne), 3-aminobenzoic
acid (s.d.ﬁne), 3,5-diisopropylsalicylic acid (Aldrich), 2,4,6-triiso-
propylbenzoic acid and 2-thiophenecarboxylic acid (Aldrich),
3-methyl-thiophene-2-carboxylic acid (Aldrich) were used as re-
ceived. [M(OAc)(2,2,-bpy)2](ClO4)(H2O) (M = Zn, Cd) was synthe-
sized as described previously in the literature [27,49].
4.2. Synthesis of [Zn(3-aba)(2,20-bpy)2](ClO4)(H2O) (1)
[Zn(OAc)(2,20-bpy)2](ClO4)(H2O) (554 mg, 1 mmol) was dis-
solved in methanol (50 mL). To this, clear solution of 3-aminoben-
zoic acid (137 mg, 1 mmol) in 10 mL of methanol was added. The
resulting solution was stirred for 15 min and ﬁltered. X-ray quality
crystals were formed from the solution after one week. Yield:
0.390 g (60.0%). Mp.; 230–234 C. Anal. Calc. for C27H24ClN5O7Zn:
C, 51.4; H, 3.8; N, 11.1. Found: C, 52.2; H, 4.0; N, 11.2%. IR (KBr,
cm1): 3346(br), 3368(br), 3241 (w), 3104(w), 3075(w), 1627(s),
1605(vs), 1597(s), 1540(s), 1474(s), 1442(vs), 1411(vs), 1315(m),
1250(m), 1176(w), 1140(vs), 1116(vs), 1090(vs), 1021(m),
818(m), 769(m), 736(m), 652(w), 625(s). 1H NMR (300 MHz,
DMSO-d6) d (ppm): 5.2 (s, 2H, NH), 8.5 (s, 8H, C3H, C30H, C6H,
C60H (bpy)), 8.2 (s, 4H, C5H, C50H (bpy)), 7.6–7.8 (m, 4H, C4H,
C40H (bpy)), 7.2 (s, 1H, 6CH (Ph)), 7.1 (d, 1H, 3CH, 3JHH = 7.7 Hz),
7.0 (t, 1H, 2CH (Ph), 3JHH = 7.7 Hz), 6.6 (d, 1H, 2CH, 6CH (Ph),
3JHH = 8.4 Hz). UV–Vis (DMSO, nm, e, cm1 M1): 311 (1222). Fluo-
rescence: (kex = 311 nm, DMSO): 381 and 447 nm. U = 0.039.
4.3. Synthesis of [Zn(saH)(2,20-bpy)2](ClO4)(0.5H2O) (2)
Compound 2 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.403 g (73%). Mp.; 202–208 C (decomposed).Anal. Calc. for C27H22ClN4O7.5Zn: C, 52.02; H, 3.56; N, 8.99. Found:
C, 51.6; H, 3.3; N, 8.2%. IR (KBr, cm1): 3569(br), 3112(w), 3080(m),
3059(m), 1626(m), 1579(vs), 1568(m), 1478(vs), 1442(vs), 1316(s),
1253(s), 1097(vs), 1022(m), 871(m), 821(m), 765(vs), 735(m),
623(m). 1H NMR (300 MHz, DMSO-d6) d (ppm): 8.6 (s, 8H, C3H,
C30H, C6H, C60H (bpy)), 8.2 (s, 4H, C5H, C50H (bpy)), 7.6–7.8 (s,
4H, C4H, C40H (bpy)), 7.2–7.3 (m, 3H, 3CH, 4CH, 5CH (Ph)), 6.7(d,
1H, 2CH, 2CH (Ph), 3JHH = 8.0 Hz), 12.4 (b, 2H, OH). UV–Vis (DMSO,
nm, e, cm1 M1): 317 (1040). Fluorescence: (kex = 317 nm,
DMSO): 383 nm. U = 0.047.
4.4. Synthesis of [Zn(dipsaH)(2,20-bpy)2](ClO4) (3)
Compound 3 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.297 g (53.6%). Mp.; 252–258 C (decomposed).
Anal. Calc. for C33H33ClN4O7Zn: C, 56.7; H, 4.7; N, 8.0. Found: C,
56.3; H, 4.9; N, 7.9%. IR (KBr, cm1): 3447(br), 3071 (m),
3025(w), 2962(vs), 2871(w), 1627(s), 1594(s), 1567(vs), 1462(vs),
1439(vs), 1398(s), 1292(m), 1152(m), 1012(m), 918(m), 892(m),
814(m), 767(s), 740(m), 644(m). 1H NMR (300 MHz, DMSO-d6) d
(ppm): 1.1 (dd, 12H, CH3, 3JHH = 2.2 Hz), 2.7 (sept, 1H, CH), 3.2
(sept, 1H, CH), 8.6–8.8 (m, 8H, C3H, C30H, C6H, C60H (bpy)), 8.1–
8.3 (m, 4H, C5H, C50H (bpy)), 7.6–7.8 (m, 4H, C4H, C40H (bpy)),
7.5 (s, 1H, 6CH (Ph)), 6.9(s, 1H, 4CH (Ph)), 13.5 (b, 2H, OH), ppm.
UV–Vis (DMSO, nm, e, cm1 M1): 314 (1254). Fluorescence:
(kex = 314 nm, DMSO): 395 and 471 nm. U = 0.0386.
4.5. Synthesis of [Zn(3-Me-2-TCA)(2,20-bpy)2](ClO4)(H2O) (4)
Compound 4 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.389 g (62%). Mp.; 241–243 C (decomposed).
Anal. Calc. for C26H23ClN4O7SZn: C, 49.1; H, 3.6; N, 8.8; S, 5.0.
Found: C, 49.4; H, 3.4; N, 8.9; S, 4.9%. IR (KBr, cm1): 3443(br),
3109(w), 1598(s), 1557(w), 1474(s), 1441(s), 1392(m), 1316(w),
1250(w), 1090(vs), 1020(m), 820(w), 763(s), 735(s), 623(m). 1H
NMR (300 MHz, CD3OD) d (ppm): 2.3 (s, 3H, CH3 (thiophene)),
8.6 (s, 8H, C3H, C30H, C6H, C60H (pby)), 8.2 (s, 4H, C5H, C50H
(pby)), 7.7 (s, 4H, C4H, C40H (pby)), 7.6 (s, 1H, 1CH (thiophene),
3JHH = 4.8 Hz), 7.4(d, 1H, 4CH (thiophene), 3JHH = 4.8 Hz), 6.9(t, 1H,
3CH (thiophene), 3JHH = 4.9 Hz). UV–Vis (MeOH, nm, e, cm1M1):
304 (971).
4.6. Synthesis of [Cd(tipba)2(2,20-bpy)2](tipbaH) (5)
Compound 5 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.269 g (32.8%). Mp.; 169–172 C. Anal. Calc. for
C68H86CdN4O6 CH3OH: C, 69.07; H, 7.56; N, 4.67. Found: C, 68.89;
H, 7.68; N, 3.86%. IR (KBr, cm1): 3437(br), 3076(m), 2960(vs),
2867(m), 1687(s), 1579 (s), 1462(s), 1437(s), 1404(s), 1314(m),
1253(m), 1107(m), 1107(m), 1010(m), 875(m), 770(s), 624(m).
1H NMR (300 MHz, DMSO-d6) d (ppm): 1.1 (dd, 36H, CH3, 3JHH = 4 -
Hz), 1.2 (dd, 18H, CH3, 3JHH = 6.8 Hz), 2.7–2.9 (m, 9H, CH), 8.7 (d,
4H, C3H, C30H (bpy), 3JHH = 5.4 Hz), 8.6 (d, 4H, C6H, C60H (bpy),
3JHH = 7.9 Hz), 8.2 (td, 8H, C5H, C50H (bpy), 3JHH = 5.8 Hz), 7.6 (td,
4H, C4H, C40H (bpy), 3JHH = 1.4 Hz), 6.9 (s, 6H, 3CH, 5CH (Ph)).
UV–Vis (MeOH, nm, e, cm1 M1): 304 (753). Fluorescence:
(kex = 304 nm, MeOH,): 451 nm. U = 0.019.
4.7. Synthesis of [Cd(2-TCA)(2,20-bpy)2(ClO4)] (6)
Compound 6 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.359 g (56.7%). Mp.; 225–228 C. Anal. Calc. for
C25H19CdClN4O6S: C, 46.1; H, 2.9; N, 8.6; S, 4.9. Found: C, 46.1; H,
2.8; N, 8.5; S, 4.1%. IR (KBr, cm1): 3114(w), 1592(s), 1563(s),
1476(m), 1439(s), 1424(s), 1385(s), 1245(w), 1107(vs), 1015(m),
857(w), 764(s), 735(m), 624(m). 1H NMR (300 MHz, DMSO-d6)
530 N. Palanisami et al. / Inorganica Chimica Acta 405 (2013) 522–531d(ppm): 8.7 (d, 4H, C6H, C60H (bpy), 3JHH = 3.9 Hz), 8.5 (d, 4H, C3H,
C30H (bpy), 3JHH = 8.0 Hz), 8.1 (t, 4H, C4H, C40H (bpy), 3JHH = 7.0 Hz),
7.6 (d, 4H, C5H, C50H (bpy), 3JHH = 7.5 Hz), 7.5 (d, 2H, 2CH, 2CH (thi-
ophene), 3JHH = 3.7 Hz), 7.0 (t, 1H, 1CH, 1CH (thiophene)). UV–Vis
(MeOH, nm, e, cm1 M1): 304 (800).
4.8. Synthesis of [{Cd(3Me-2-TCA)(2,20-bpy)2}{Cd(3-Me-2-TCA)(2,20-
bpy)2(H2O)}](ClO4)2 (7)
Compound 7 was prepared in a similar manner to the prepara-
tion of 1. Yield: 0.268 g (40.3%). Mp.; 186–189 C. Anal. Calc. for
C52H44Cd2Cl2N8O13S2: C, 46.30; H, 3.29; N, 8.3; S, 4.75. Found:
C, 46.1; H, 3.2; N, 8.4; S, 4.8%. IR (KBr, cm1): 3434(br),
3078(w), 2924(w), 1664(m), 1646(m), 1594(m), 1543(m),
1477(m), 1439(s), 1385(s), 1275(w), 1282(w), 1192(vs),
1017(m), 846(w), 815(m), 794(m), 765(s), 735(m), 623(m). 1H
NMR (300 MHz, DMSO-d6) d (ppm): 2.4(s, 6H, CH3), 8.6 (m, 16H,
C6H, C60H, C3H, C30H (bpy)), 8.2 (t, 8H, C4H, C40H (bpy),
3JHH = 2.8 Hz), 7.7 (t, 8H, C5H, C50H (bpy), 3JHH = 2.8 Hz), 7.5(d,
2H, 4CH (thiophene), 3JHH = 5.1 Hz), 6.9 (d, 2H, 3CH, 1CH
(thiophene), 3JHH = 5.2 Hz). UV–Vis (MeOH, nm, e, cm1 M1):
304 (921).
4.9. Single-crystal X-ray solution and reﬁnement
Single crystals of 2 and 3 were obtained from methanol–dichlo-
romethanemixture. For compounds 1 and 4–6 crystals were grown
from methanol while for 7 methanol–dimethylsulfoxide mixture
was used. A suitable crystal of each compound was used for the dif-
fraction studies on a automated diffractometer (Siemens Bruker
CCD diffractometer for 1–5 and Nonius MACH-3 diffractometer
for 6 and 7). The cell parameters were derived from well-centered
reﬂections chosen over a wide 2h range. The structure solution was
achieved by direct methods as implemented in SHELXS-97 [69]. Final
reﬁnement of the structures was carried out using full least-
squares methods on F2 using SHELXL-97 [70]. The positions of hydro-
gen atoms were identiﬁed from the difference Fourier maps and
included in further calculations and reﬁnement. Other details per-
taining to data collection, structure solution, and reﬁnement are given
in Table 4.
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